Remote ischemic post-conditioning (RIPC) is an established method to activate the hypoxia-inducible factor-1α (HIF-1α) pathway, which is involved in the impairment of fracture healing. However, the role of RIPC in fracture healing remains to be fully elucidated. In the present study, rats received fractures and were divided into two groups: Control and RIPC, in which hind limb occlusion was performed. Rats were sacrificed at 7, 14, 28 and 42 days subsequent to tibial fracture. Micro-computed tomography was performed to measure healing of the bone tissue and biomechanical testing was used to test mechanical strength. In addition, the effects of hind limb occlusion on the expression of two primary angiogenic mediators, HIF-1α and vascular endothelial growth factor (VEGF), as well as the osteoblast markers runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP) and osteocalcin (OCN), were determined at the mRNA and protein levels by reverse transcription-quantitative polymerase chain reaction, western blot analysis and immunohistochemistry. Systemic administration of hind limb occlusion (3 cycles/day, with each occlusion or release phase lasting 10 min) significantly promoted fracture healing and mechanical strength. The present study demonstrated that in rats treated with hind limb occlusion, the expression of HIF-1α, VEGF, Runx2, ALP and OCN was significantly increased at the mRNA and protein levels, and that RIPC enhances fracture repair in vivo.
Introduction
Traumatic fracture is one of the most common injuries in daily life. In clinical cases, numerous methods are used to decrease injury, and the majority of simple fractures heal with minimal intervention; however, in certain complex cases, including fractures in diabetics and splintered fractures, there may be impaired fracture healing and bone defects (1, 2) . Although advances have been made, certain patients with independent factors (fracture pattern, location, displacement, severity of soft tissue injury, degree of bone loss, quality of surgical treatment and presence or absence of infection) (3) require prolonged reconstructive procedures and still experience nonunion (2) .
The hypoxia-inducible factor-1α (HIF) pathway is the central pathway for sensing and responding to alterations in the local oxygen tension in a wide variety of organisms (4) . Activation of the HIF-1α pathway is a critical mediator of the neoangiogenesis required for skeletal regeneration, suggesting the application of HIF activators as therapies for improving bone healing (4) . Increasing data suggests that hypoxia may be considered a powerful stimulus for bone cells by influencing angiogenesis via the vascular endothelial growth factor (VEGF), cellular metabolism via the glucose transporter and recruiting mesenchymal stem cells (MSCs) to areas of matrix damage (5) (6) (7) . A more thorough understanding of hypoxia in bone healing may identify novel underlying cellular and molecular mechanisms that may offer potential protective effects. In our previous study, CoCl 2 was demonstrated to enhance fracture healing by inducing bone and cartilage formation and increasing tissue vascularization; furthermore, CoCl 2 may activate the HIF-1α pathway (8) . However, CoCl 2 has certain toxic effects on specific hematological factors (9) . Therefore, the aim of the present study is to identify a non-toxic alternative.
Bone ischemia-reperfusion occurs during various clinical procedures, including orthopedic arthroplasty, plastic gnathoplasty, spinal surgery and amputation. Fracture of bone reduces or disrupts the tissue blood supply; during fracture healing, neovascularization and vascular growth take place. This is hypothesized to constitute reperfusion of an ischemic region and the production of oxygen free radicals (10) . Simulation of this hypoxia-reoxygenation physiological process may further elucidate understanding of the underlying mechanism.
The protective effect of ischemia/hypoxia pre-conditioning (IPC) has been demonstrated by numerous experimental and clinical studies. Studies have revealed that IPC may enhance the expression of HIF-1 and VEGF (11, 12) . However, the use of this technique is limited, as treatment must occur prior to ischemia. A modification of this technique involves brief coronary artery occlusions and reperfusions performed at myocardial reperfusion, ischemic post-conditioning (13) . In 2003, Zhao et al (14) first demonstrated reproducible experimental results following this procedure. However, remote conditioning was first described by Przyklenk et al (15) in 1993. Remote ischemic post-conditioning (RIPC) (16, 17) was developed as a protective strategy similar to local post-conditioning. HIF-1α and VEGF expression are increased in the ischemic muscle of animals following hind-limb ischemia (18) .
The present study hypothesized that RIPC results in accelerated fracture healing. To determine whether systemic application of RIPC enhances rates of fracture healing in a pre-clinical model, the effects of RIPC on callus formation, fracture healing, callus mechanical strength and integrity and gene expression in vivo were investigated.
Materials and methods
Animal care. All animal experiments were approved by the Animal Care and Use Committee of Xuanwu Hospital, Capital Medical University (Beijing, China), and were conducted according to guidelines produced by the National Institutes of Health (Bethesda, MD, USA). A total of 64 adult male Sprague-Dawley (SD) rats (age, 6 weeks; weight, 185-220 g) were purchased from the Laboratory Animal Center of Capital Medical University. The animals were housed in groups of 4 in the same animal care facility throughout the duration of the study and were maintained at a temperature of 23-25˚C and a humidity of 50-60%, under a 12-h light/dark cycle, and with unlimited access to food and water. All efforts were made to minimize any suffering and to reduce the total number of animals used.
Animal experiments. Animals were acclimatized to the conditions for 1 week prior to experiments. Surgery was performed with a fracture device, as described previously (19) . Prior to the procedure, the animals were anesthetized by an intraperitoneal injection of 1% sodium pentobarbital (4 mg/kg body weight). Fractures were created at the tuberositas tibiae using a blunt guillotine driven by a drop weight; a wire driver was used to insert a steel K-wire into the medullary canal. Radiographs were performed immediately to confirm the extent of fractures. At 7, 14, 28 and 42 days following fracture (n=8/group at each time point), radiographs were obtained, and the rats were sacrificed by cervical dislocation. The K-wire was removed, the tibiae were dissected and the fracture zone was prepared for reverse transcription-quantitative polymerase chain reaction (RT-qPCR), western blotting, immunohistochemistry (IHC), micro-computed tomography (micro-CT) and biomechanical testing.
RIPC.
A total of 64 male SD rats were assigned to two groups: Control (n=32) and RIPC (n=32). RIPC was initiated immediately following the K-wire operation by occluding blood flow to the other hind limb. Hind limb occlusion was performed by tightening a tourniquet (18-mm) around the upper thigh and releasing in for 3 cycles, with each occlusion or release phase lasting 10 min, this was performed once a day over 7 days (20) . This method has been previously demonstrated to completely occlude the blood, as assessed using the vascular assessments system (Periflux System 5000; Perimed AB, Järfälla, Sweden; Fig. 1 ). The control group received the same dosage of sodium pentobarbital.
Micro-CT analysis. The tibia was scanned using an Inveon Micro-CT (Siemens AG, Munich, Germany). The scan protocol was as follows: 15 µm specimen, 500 µa, 80 kv. A 3D reconstruction was performed using Mimics software version 16.0 (Materialise NV, Leuven, Belgium). The 3D measurement area extended 2.5 mm proximally and distally from the osteotomy line (21) . The thresholds were defined by averaging the values determined visually by the analyses of the software (n=3 per group). Callus volumes and gray values were quantified. Micro-CT scans at multiple time points post-fracture (14, 28 and 42 days) were assessed blindly by three independent investigators (22) .
RNA extraction and RT-qPCR. Total RNA was extracted from fresh bone tissues of each group using TRIzol ® reagent according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The RNA quantity and quality were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Total RNA (500 ng) was reverse transcribed using the ReverTra Ace ® (Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer's instructions. qPCR was performed to measure the mRNA expression levels relative to β-actin (ACTB), using an iCycle iQ Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and SYBR-Green ® Master mix (Toyobo Co., Ltd.). The primers used were as follows: Forward, 5'-CCC CTA CTA TGT CGC TTT CTT GG-3' and reverse, 5'-GGT TTC TGC TGC CTT GTA TGG-3' for HIF-1α; forward, 5'-CGA CAA GGC AGA CTA TTC AAC G-3' and reverse, 5'-GGC ACG ATT TAA GAG GGG AAT-3' for VEGF; forward, 5'-CCC ACG AAT GCA CTA TCC AG-3' and reverse, 5'-GGC TTC CAT CAG CGT CAA CA-3' for Runx2; forward, 5'-GGA CGG TGA ACG GGA GAA C-3' and reverse, 5'-CCC TCA GAA CAG GGT GCG TAG-3' for ALP; forward, 5'-CGG ACC ACA TTG GCT TCC AG-3' and reverse, 5'-GCT GTG CCG TCC ATA CTT TCG-3' for OCN; and forward, 5'-CCG TAA AGA CCT CTA TGC CAA CA-3' and reverse, 5'-CGG ACT CAT CGT ACT CCT GCT-3' for ACTB; forward, 5'-GGC AAG TTC AAC GGC ACA G-3' and reverse, 5'-CGC CAG TAG ACT CCA CGA CA-3'. The thermocycling conditions were as follows: An initial predenaturation step at 95˚C for 2 min, followed by 40 cycles of denaturation at 95˚C for 10 sec and annealing at 60˚C for 30 sec. The expression values were normalized against GAPDH (23) using the 2 -∆∆Cq method (24) . All experiments were performed in triplicate and were repeated at least three times.
IHC analysis. Sections were prepared and processed using standard techniques following a previously described method (25) . Briefly, tissues generated from callus were cut into 3 µm and mounted on slides. Following deparaffinization and hydration, antigen retrieval was performed using 0.05% trypsin, and sections were incubated with 3% H 2 O 2 in methanol for 10 min to inhibit endogenous peroxide. Subsequently, slides were incubated with primary antibodies in blocking solution (10% goat serum; Thermo Fisher Scientific, Inc.) in a humidified chamber at 4˚C overnight. The following primary antibodies were used: Mouse anti-Runx2 (1:200; cat. no. ab76956; Abcam, Cambridge, UK), rabbit anti-ALP (1:300; cat. no. ab95462; Abcam) and mouse anti-OCN (1:200; cat. no. ab13420; Abcam). Following this, sections were incubated with the biotinylated goat anti-mouse (cat. no. ab6788; dilution 1:250; Abcam) and goat anti-rabbit IgG (cat. no. ab6720, dilution 1:100; Abcam) for 10 min at 37˚C. Following washing with PBS, the sections were incubated with streptavidin-peroxidase conjugate (Rockland Immunochemicals Inc. Limerick, PA, USA) for 10 min. Color was developed using diaminobenzidine tetrahydrochloride solution (Ventana Medical Systems, Inc., Tucson, AZ, USA). Sections were counterstained with hematoxylin, dehydrated and mounted. Negative controls included replacement of the primary antibody with PBS of the same concentration.
Scoring was performed by two independent observers who had no knowledge of the rat outcome or corresponding pathological parameters. The percentage of stained cells and staining intensity were scored. Staining intensity was scored as follows: 0, no staining; 1, weak intensity; 2, moderate intensity; and 3, high intensity. The number of positive cells was evaluated as follows: 0 (negative), <10% positive cells; 1 (weak), <30% positive cells; 2 (moderate), <50% positive cells; and 3 (strong), >70% positive cells.
Biomechanical testing. Hydrated tibias were tested in torsion using previously published methods (26) . The rat tibias from each group were assessed to failure by three-point bending using a material testing system (ELF 3400; Enduratec Systems Group; Bose Corporation, Framingham, MA, USA). Biomechanical parameters including breaking force (maximum load), stiffness (average slope of linear portion of the curve before yielding) and work-to-fracture (bend strain at maximum and bend strength at maximum) were calculated from the force displacement data.
Western blot analysis. Western blot analysis was used to assess HIF-1α, VEGF, ALP, Runx2 and OCN protein expression levels. Protein was isolated from the rat callus region at 7, 14, 28 and 48 days following fracture. Radioimmunoprecipitation assay buffer containing protease inhibitors (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was used to prepare tissue lysates with 1% SDS. The total proteins (50 µg) were resolved on a 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride membranes (Sigma-Aldrich; Merck Millipore). The membranes were blocked in 5% skim milk in TBS containing 0.1% Tween-20 (TBST) for 1 h and incubated overnight at 4˚C with the following primary antibodies: Mouse anti-HIF-1α (cat. no. ab463; Abcam), rabbit anti-VEGF (cat. no. ab46154; Abcam), rabbit anti-ALP (cat. no. ab95462; Abcam), mouse anti-Runx2 (cat. no. ab76956; Abcam), mouse anti-OCN (cat. no. ab13420; Abcam) and actin (cat. no. sc-47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). All antibodies were diluted 1:1,000 in Tris-buffered saline. The blots were washed in TBST and then incubated for 1 h with anti-goat horseradish peroxidase-conjugated immunoglobulin G (IgG) (1:2,000; cat. nos. ZB-2305 and ZB-2301; OriGene Technologies, Inc., Beijing, China) at 37˚C. Bands and band intensity were detected using Super ECL Plus kit (cat. no. P1010; Applygen Technologies, Inc., Beijing, China). β-actin served to verify equal loading.
Statistical analysis. Data are expressed as the mean ± standard deviation, and statistical analyses were performed with SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA). For comparisons between the two groups, Student's t-test was performed. In all cases, P<0.05 was considered to indicate a statistically significant difference.
Results
Micro CT scans of the interfragmentary zone. After 14 and 28 days of fracture, a significant increase in the callus volume of specimens was detected in the group that underwent RIPC treatment compared with the control animals (P<0.01; Figs. 2 and 3) . Following 42 days, the opposite trend was observed (P<0.01). To quantify the formation of the callus, the gray value generated by micro CT scans within the defined area was analyzed. After 14 (P<0.01), 28 (P<0.05) and 42 (P<0.01) days, a significant increase of the gray value was detected in the RIPC compared with the control group (Fig. 4) .
Protein and mRNA expression levels of angiogenic mediators and osteoblast markers. Protein (Fig. 5 ) and mRNA ( Fig. 6 ) expression levels of HIF-1α were increased in RIPC compared with control groups at all time points (P<0.01). To further evaluate if HIF-1α had a direct functional role in this process, the expression of downstream genes of HIF-1α were investigated. The results of the present study demonstrated that RIPC increased VEGF, Runx2, ALP and OCN protein ( Fig. 5 ) and mRNA (Fig. 6) expression. These results suggested that the IHC analysis. Runx2 is considered to be an osteoblast-specific transcriptional factor and is involved in chondrocyte maturation and osteoblast differentiation (27, 28) . Osteoblast-specific gene expression, including ALP and OCN, are important markers (29) . Based on the above data, the expression of Runx2, ALP and OCN was analyzed by IHC in bone tissues 42 days after the fracture. Increased expression of Runx2, ALP and OCN was observed in the RIPC compared with the control group (Fig. 7) . These data further suggested that RIPC induces fracture healing through activation of HIF-1α and its target genes.
Biomechanical assessment. To further assess the functional features of fracture healing, the influence of RIPC on the mechanical properties of the tibias of rats was investigated. The dimensions of all testing specimens were performed according to the guidelines of the American Society for Testing and Materials for the uniaxial strength testing (26) . The RIPC group was significantly stronger than the control group (P<0.05; Table I ). The force required to break the bone and structural stiffness of the fractured tibia was 49.1 and 47.9% greater, respectively, compared with the control group at 42 days (P<0.01).
Discussion
Normal fracture healing is a complex process involving cellular recruitment, specific gene expression and synthesis of compounds that regenerate native tissue to restore the mechanical integrity and function of damaged bone (30) . There are numerous aspects of fracture healing, including biological, nutritional, physical and genetic factors. A previous study demonstrated that hypoxia may promote fracture healing and that the osteoblast-specific transcriptional factor Runx2 and the osteoblast-specific genes ALP and OCN are increased (8) . These findings provide a potential strategy to induce bone tissue regeneration.
Remote ischemic conditioning (RIC) has been demonstrated to induce intramyocardial cardioprotection across different coronary artery areas (15) . However, it has since been indicated that the heart may be protected by an RIC stimulus applied to an organ remote from the heart, including the kidney, small intestine, brain, liver, pancreas and lung (31) . The non-invasive hind limb ischemia model was reported by Oxman et al (32) , and was demonstrated to reduce reperfusion arrhythmias in a rat heart following a sustained ischemic insult. Numerous studies have since confirmed the use of the lower limb for RIC due to its ease of access (11, (33) (34) (35) . This method has been revealed to be effective and reproducible in reducing injury of other organs in animals and humans (36) .
Growing evidence indicated that HIF-1α may be involved in the early phase of IPC, within min of the IPC stimulus (37) . In the present study, upregulated expression of HIF-1α was detected in bone tissue. HIF-1α interacts with the core DNA sequence of 5'-[AG]CGTG-3' at the hypoxia response element target gene promoters to upregulate numerous hypoxia-sensitive genes, including VEGF (38) . The present study revealed that RIPC has positive effects on the expression of Runx2, which is considered to be the primary controlling transcription factor in osteoblast differentiation (39) ; ALP is another essential factor. Runx2 and ALP are required for osteogenesisin vivo (40, 41) . OCN is an important marker of mature osteoblasts. The protein serves a role in the differentiation of osteoblast progenitor cells, with significant upregulation observed in matrix synthesis and mineralization (42, 43) . Micro-CT in the present study demonstrated that the volume of callus in the RIPC group was significantly larger compared with the control group during the callus formation stage (at 14 days), and the gray value, which represents bone mineral density, was additionally increased in the RIPC group. At 42 days, the gray value of the RIPC group approached healthy cortical bone (gray-value= 4120±112 HU). The biomechanical properties of the healing construct may be attributed to density and quantity of tissue; biomechanical analysis revealed that RIPC significantly increased the maximum load, stiffness and energy absorption. Taken together, these results suggested that RIPC enhanced the osteoblast proliferation rate and recovered bone nodular mineralization.
Although various studies have demonstrated that remote conditioning shares similar mechanistic signaling pathways with local conditioning (44, 45) , evidence indicates that the IPC and RIPC signaling pathways are not identical (46) . The following three potential underlying mechanisms of RIPC have been proposed: i) Humoral factors released in the pre-conditioned organ are transported via the blood circulation to protect the target organ (47); ii) neurogenic transmission with involvement of muscle afferents and the autonomic nervous system (47); and iii) immunomodulation (48) . Several studies have suggested that the underlying protective mechanisms of RIPC are associated with its ability to attenuate the production of free radicals, promote the cell survival pathway, modulate the immune system and inhibit the apoptotic cell signaling pathways (49) (50) (51) . However, further research is required to determine the exact mechanisms underlying RIPC.
In recent years, RIPC has emerged as an effective strategy for reducing myocardial ischemia/reperfusion injury. The ability to use transient limb ischemia as a remote conditioning stimulus has facilitated progression from the bench to the bedside and has applications in various clinical settings (11) . The present study supports the use of RIPC as a valid strategy to enhance fracture healing. These experimental observations may be translated into the clinical setting. In addition, the present study adds information regarding the mechanisms of RIPC. 
